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Introduction {#SECID0EFDAC}
============

Male butterflies, like most animals, typically maximize their reproductive success by mating with as many females as possible. Conversely, for females, one copulation is normally sufficient to provide sperm to fertilize all the eggs that they can produce. Female butterflies possess sperm storage organs which can maintain vital sperm from a single mating for their entire life ([@B18], [@B74], [@B75], [@B34], [@B29], [@B110], [@B104], [@B27], [@B39], [@B65], [@B99], [@B48]). However, females frequently mate more than once. This may result from the need for: more male-derived nutrients received during copulation, more sperm (especially if their first mate was depleted), increasing the genetic quality of the fertilized eggs by mating with a fitter male, increased genetic diversity of offspring in an unpredictable environment, or reducing the energy loss and risk of harm involved in resisting the attempts of copulation with new males. With many factors potentially influencing female mating, there is great interspecific variation in female mating frequencies, ranging from obligate monandry to regular polyandry ([@B94], [@B110], [@B104], [@B49], [@B2], [@B5], [@B112]).

When female insects mate more than once, it is often the sperm of the final male to mate which fertilizes most (or all) of the female's remaining eggs, a process termed "last male sperm precedence" ([@B51], [@B74], [@B7], [@B97]). Males of all Lepidoptera, except Micropterigidae ([@B101]), produce infertile (apyrene) sperm, which may play a role in blocking those of a previous partner ([@B96]). Therefore, when a male mates, it is generally in his interest to prevent the female from mating again. Conversely, if the female benefits from polyandry, counter-mechanisms to overcome male paternity assurance strategies may evolve.

Although many strategies are found among insects to prevent females from remating, with females evidently complicit in some cases ([@B74], [@B75], [@B36], [@B104], T. [@B19], [@B67], [@B97], [@B46], [@B95]), in butterflies the most common strategy is for the male to produce a mating plug which physically blocks the copulatory opening ([@B51], [@B74], [@B29], [@B27], [@B71], [@B59], [@B66]). Mating plugs also occur in mammals, nematodes and in many arthropod groups, such as spiders, wasps, and flies ([@B37], [@B104], [@B105], [@B108], [@B45]). However, only in those of the ditrysian Lepidoptera, a group to which all butterflies belong, can the plug be potentially permanent because it does not impede oviposition. This stems from the unique arrangement of the female genital ducts in the Ditrysia. The copulatory opening (ostium bursae) is located ventrally on the eighth segment, typically within a shallow pocket, the sinus vaginalis, and is completely separate from the oopore, which exits terminally between the paired ovipositor lobes (papillae anales) and through which eggs pass during oviposition ([@B28], [@B93]). Therefore, not only can the plug be permanent, it can also be large and externally elaborate, covering large parts of the female's abdomen, in which case it is termed a sphragis.

The history and nature of the sphragis {#SECID0EOKAC}
--------------------------------------

The production of a sphragis, one of the more extreme male strategies that has evolved to prevent the female from remating, occurs only in certain butterflies. It was first clearly described by [@B55] for the parnassiine swallowtail *Parnassius apollo* (Linnaeus 1758) and was subsequently discussed in more than 140 publications before 1918 ([@B4], [@B47], [@B11]). The term 'sphragis' (plural: *sphragides*), which means 'seal' in Greek, was first used by [@B31], who described the structure found in many *Acraea* Fabricius, 1807 species (Nymphalidae: Heliconiinae) as a "*wax-like seal \[produced\] after pairing*". The term was also used by [@B111] for the postcopulatory 'seal' in *Cressida cressida* (Fabricius, 1775) (Papilionidae: Troidini) and by [@B11], who applied the term to the structure in most genera where a sphragis is recognized as occurring today. With this level of sustained attention over the decades, it is clear that the sphragis is a recognizable phenomenon deserving special investigation. However, there has been recent confusion in the use of the term, hence there is a need to clarify its meaning. We therefore define the sphragis as: an external formation, originating from male accessory glands, with a well-defined, species-specific structure, fixed to the female abdomen following insemination, where it blocks the ostium bursae.

The form of the sphragis is consistent within a species, it is shaped by complex adaptations in the male genitalia, and it is wholly or mainly external to the female abdomen. In these respects, sphragides differ qualitatively from smaller amorphous internal mating plugs. In almost all sphragis-bearing species, the female external genitalia are strongly modified from the ditrysian groundplan; these modifications have in turn influenced the form of the sphragis ([@B65], [@B66]). Intermediate states, where they occur, involve highly sophisticated male and/or female adaptations ([@B65]).

Specialized features of sphragides in different species have been identified by several authors ([@B10], [@B1], [@B78], [@B65], [@B67], [@B59]). In some, the sphragis incorporates long scales derived from specialized tufts on the male genitalia ([@B78], [@B70], Matsumoto, Orr & Yago *in prep*.). These may reinforce the structure of the sphragis and/or provide bulk by increasing the sphragis in size and weight. In others, the sphragis is densely tiled with short flat scales which may make it slippery and difficult for other males to grasp. In both cases, the scales seem to hinder sphragis removal by other males ([@B78], [@B68]). The sphragis is also frequently hollow, greatly increasing its bulk, or is intricately sculptured, often including projections which potentially make access to the female genitalia difficult. Moreover, an elaborate girdle, which encircles the female abdomen, is often associated with the sphragis, holding it tightly in place. It sometimes incorporates strengthening scales.

One oft-cited misconception is that the 'waxy' sphragis can dissolve in water ([@B27], [@B33], [@B102]), supposedly explaining the high incidence of sphragis-bearing species in semiarid habitats. This fallacy originated from a misreading by [@B44] of the French abstract of [@B106], which was originally published in Czech ([@B65]).

Formation of the sphragis {#SECID0E5EAE}
-------------------------

The sphragis is produced from a viscous secretion which is molded within membranous or sclerotized pockets in the male genitalia, sometimes being extruded gradually as it hardens, so that the final product is far larger than any cavity in the male's body ([@B10], [@B103], [@B58], [@B65], [@B66]). Hardening may occur on contact with air, but this process is not understood. It is also possible that sphragis formation is mediated by enzymatic action, at least in some species ([@B66]). The sphragidal fluid varies among species, with some producing an almost clear vitreous secretion, and others a secretion with an appearance similar to the lipoprotein mass found in a fresh spermatophore ([@B66]). The precise composition of the sphragis has not been established, but it is known to contain high protein levels ([@B65]), and its waxy appearance suggests a lipid element. All sphragis-bearing species that have been investigated exhibit hypertrophied, paired accessory glands and it is generally accepted that these secrete the sphragidal fluid ([@B32], [@B30], [@B65], [@B66], [@B69]). It is known that the spermatophore, which in most butterflies is a thick hollow structure formed from lipoprotein ([@B6], [@B65]), is secreted by a glandular region of the ductus ejaculatorius simplex ([@B17]), or ejaculatory duct, which leads directly to the aedeagus.

Production of the sphragis is a substantial male material investment, which apparently occurs at the expense of the spermatophore. A great deal of material needs to be repurposed to build the sphragis. The amount of accessory gland secretion (including the spermatophore, and spermatophylax), which females could potentially metabolize and utilize for oogenesis or somatic maintenance ([@B6], [@B7], [@B65], [@B66]), is thus reduced in its subsequent transfer to the female. Even while producing a small spermatophore, males are limited in the number of sphragides they can produce ([@B65], [@B66]). It is common to find specimens (both in the field and in museum collections) with frail or incomplete sphragides. These were probably produced by males that recently mated or had mated several times previously, and thus had exhausted the resources necessary to produce a sphragis of normal bulk ([@B65]). It has been estimated that males of the *Heteronympha penelope* Waterhouse, 1937 (Nymphalidae: Satyrinae) require 7--10 days after mating to recover the resources necessary to produce another sphragis, and can only produce 3--4 effective sphragides in their lifetime ([@B69]). Available measurements indicate that the investment involved in the production of each sphragis varies between about 3--20% of the male's body weight, depending on the species (Table [1](#T1){ref-type="table"}) ([@B65]).

###### 

Percentage of male investment in the sphragis based on male's weight. Data adapted from [@B65].

  ----------------------------------------------------- --------------------------------------------------
                                                        Male investiment on the sphragis (% body weight)
  *Parnassius glacialis* (Papilionidae: Parnassiinae)   20.5 ± 2.7
  *Parnassius apollo* (Papilionidae: Parnassiinae)      7.4 ± 2.5
  *Luehdorfia japonica* (Papilionidae: Parnassiinae)    9.8 ± 5.7
  *Cressida cressida* (Papilionidae: Papilioninae)      6.7 ± 1.1
  *Euryades corethrus* (Papilionidae: Papilioninae)     8.6 ± 1.0
  *Parides proneus* (Papilionidae: Papilioninae)        3.1 ± 1.5
  *Acraea serena* (Nymphalidae: Heliconiinae)           3.3 ± 0.4
  *Acraea anemosa* (Nymphalidae: Heliconiinae)          6.1 ± 0.9
  *Acraea andromacha* (Nymphalidae: Heliconiinae)       3.1 ± 0.2
  ----------------------------------------------------- --------------------------------------------------

Behavioral specialization {#SECID0EPVAE}
-------------------------

Presence of the sphragis is typically associated with specific behavioral patterns. Courtship behavior is absent or rudimentary in almost all sphragis-bearing species ([@B33], [@B58], [@B65], [@B107], [@B102]). Mates are secured, often by pursuit and aerial capture, with mating taking place in mid-air or on the ground ([@B53], [@B54]). [@B58] reported that males of *Luehdorfia japonica* Leech, 1889 (Parnassiinae) seize females in midair, carry them to the ground, and copulate with them. Similar behavior has been analyzed in detail in the Australian sphragis-bearing troidine *C. cressida* ([@B65], [@B68]). In this species, large males often capture and mate with the smaller females in mid-air but relatively smaller males carry females to the ground to mate. *Cressida cressida* males are significantly larger than females, an unusual condition in butterflies, but this disparity probably relates to their strong territorial behavior, rather than to success at forced copulation ([@B68]).

Function of the sphragis {#SECID0ECZAE}
------------------------

All experimental evidence ([@B58], [@B65]), indicates that the sphragis functions as a physical barrier, preventing a new male from penetrating the female's ostium bursae and reinseminating her. In his monumental work, *Grundzüge der Sphragidologie*, [@B10], [@B11], [@B13], [@B16]) effectively dismissed much fanciful speculation that had taken place in the preceding 170 years, arguing that the sphragis serves as a physical barrier to insemination. This conclusion was reached earlier by [@B56], [@B57]), based on his observations of *Acraea* (Heliconiinae) mating in nature, and [@B41], based on observations of *Parnassius*. [@B32] reached this conclusion, noting at the time '*indeed it would seem that more has been written about \[the sphragis\], and with less result, than about most features of insect structure*'. Because the sphragis blocks only the genital opening of the female, the ovipositor is unobstructed ([@B50]), although the sphragis can be so large in many species it can be a distinct encumbrance and accidental blocking of the oopore has been reported ([@B88]). The size and shape of the sphragis could potentially be important in preventing males from being able to grasp the female with their valvae ([@B66]). Moreover, [@B71] showed that the sphragis of *C. cressida* might have the secondary function of providing a visual cue to males indicating that a female has already mated. In their study, females with intact sphragides were less likely to be pursued by males when compared with females where the sphragis was experimentally trimmed or removed. Supporting this hypothesis is the observation that females of *C. cressida* have evolved a specialized posture, that when in flight, allows the sphragis to be seen clearly from behind ([@B71], [@B68]). It is conceivable that in other sphragis-bearing species, males might also be able to visually assess whether mating is possible depending on the development of the sphragis ([@B71]). Apart from its large size, the sphragis often stands out with strong color contrast to the rest of the body, possibly increasing its apparency, but if this occurs it is surely a secondary function ([@B68]).

The taxonomic distribution of the sphragis {#SECID0EWAAG}
------------------------------------------

In the most comprehensive comparative survey to date, [@B65] examined the presence or absence of mating plugs, the relative investment in spermatophore versus plug, as well as female genital anatomy in over 160 species, including sphragis-bearing species and others representing a range of plugging strategies in the Papilionidae, Pieridae and Nymphalidae. [@B11], [@B15]) surveyed the sphragis of several Papilionidae and Palaearctic Nymphalidae genera, while [@B1] focused on Parnassiinae. Although most sphragis-bearing genera recognized by contemporary taxonomic arrangements were included, no study so far has provided a comprehensive survey of all species. The morphology of the sphragis and associated male and female genitalia are well documented in widely scattered literature for African *Acraea* ([@B31], [@B32], [@B100], [@B78], [@B80], [@B81], [@B82], [@B65]), but the sphragis in Neotropical *Acraea* ([@B72]) has received less attention.

The present state of knowledge {#SECID0ETFAG}
------------------------------

Studies on the biology of the sphragis in living butterflies have mostly focused on *C. cressida* in the Troidini ([@B65]), *Luehdorfia* and *Parnassius* in the Parnassiinae ([@B58]), and *H. penelope* in the Satyrinae ([@B69]). Some less detailed observations are also available for the genus *Acraea* in the Heliconiinae ([@B56], [@B31], [@B33], [@B65]).

A large body of published information exists on the occurrence and diversity of the sphragis, but it is largely obscure, scattered, old and often published in languages other than English. There is a need for this information to be collated and for several conspicuous gaps to be filled. In this paper we aim to provide an overview of the subject and develop a dataset to inform future investigation. We present the first comprehensive review of the structural variability of the sphragis across all butterflies, illustrating the variety of forms that these can take. All species of butterflies in which a well-defined sphragis is known to occur are listed based on published information and direct observation of museum specimens. Reports of sphragis occurrence in Erebidae ([@B89]) and Lycaenidae ([@B10], [@B11]) we dismiss as erroneous.

[@B11] illustrated a sphragis-like structure in the Nymphalidae *Argynnis paphia*, however, subsequent investigation has failed to confirm this observation and it is suggested (Matsumoto pers. comm.) that the structure observed in this case is a result of an accumulation of several mating plugs deposited by one or more males after multiple matings by the female, which could be externally observed.

In addition, as noted previously, sphragis-like formations which may represent incipient sphragis evolution or secondary loss occur in some butterflies ([@B66]). A complex anomalous structure is also discussed in our analysis. We establish a three point system of categorization for true sphragides based on degree of complexity. Finally, we examine the processes and patterns of sphragis evolution in the context of a currently accepted butterfly phylogeny.

Methods {#SECID0EZMAG}
=======

We examined butterfly specimens in museum collections and searched historical and recent literature for reports, descriptions and illustrations of sphragides or similar external structures ([@B38], [@B31], [@B14], [@B90], [@B100], [@B91], [@B1], [@B21], [@B92], [@B76], [@B23], [@B24], [@B25], [@B26], [@B27], [@B78], [@B79], [@B58], [@B61], [@B65], [@B59], [@B77], [@B35], [@B73], [@B20], [@B62], [@B63], [@B83], [@B84], [@B8], [@B40]). Museum specimens were studied by APSC and AGO. The former visited the Cornell University Insect Collection, Ithaca, NY, USA (CUIC), Florida Museum of Natural History, McGuire Center for Lepidoptera and Biodiversity, Gainesville, FL, USA (MGCL), and the National Museum of Natural History, Washington DC, USA (USNM). AGO studied specimens in the Australian National Insect Collection, Canberra, Australia, (ANIC), the Natural History Museum, London, UK (BMNH), the Museum Alexander Koenig, Bonn, Germany (ZFMK), and the private collection of the late Prof. Dr. Clas Naumann (Bonn). For our museum specimen searches, we especially targeted Nymphalidae and Papilionidae because only in these families has the sphragis been reliably reported by previous authors. Mated females of all species available to us in each target group (see below) were inspected using a dissecting microscope with the following aims: (1) to confirm and categorize the sphragis in species previously reported to have a sphragis, and (2) to gather new data for any species not mentioned in literature. We also contacted specialists who had studied sphragis-bearing species in order to gather additional unpublished data.

For each species, we tried to examine mated females of at least ten specimens if possible (in a few cases thousands were available). Generally, the minimum combined sample was five specimens. Overall, we directly examined approximately 80% of all sphragis bearing species. We recorded key traits of the sphragis of each species, especially: the presence of male scales attached to the surface or incorporated into its matrix; whether it was mainly hollow or solid; the presence of projections or other specialized sculpturing; and its size relative to the female abdomen. We also examined structures previously classified as protosphragides or vestigial sphragides, and we define an anomalous form as a 'hemi-sphragis'. We targeted the following taxa based on published and unpublished information: Nymphalidae: *Acraea*, *Amauris* Hübner, 1816, *Argynnis* Fabricius 1807, *Dircenna* Doubleday, 1847, *Hestina* Westwood, 1850, *Heteronympha* Wallengren, 1858, *Hipparcha* Fabricius 1807, *Pteronymia* Butler & Druce, 1872, *Sasakia* Moore 1896; Papilionidae: Parnassiinae, *Cressida* Swainson, 1832, *Euryades* Felder & Felder, 1864, *Losaria* Moore, \[1902\], *Parides* Hübner, 1819, and *Trogonoptera* Rippon, \[1890\].

In order to show the extent of interspecific variation in sphragis morphology, we digitally imaged the sphragis of representative species using a Canon 5D MKIII camera body and a Canon MP-E 65mm lens. For each image, 10 to 20 image layers (depending on the size of the sphragis) were taken across a series of close-spaced focal planes, using the Automated Macro Rail for Focus Stacking StackShot. These were later stacked using the software Helicon Focus on a PC computer. Figures were edited and assembled using Adobe Photoshop CS4. The taxonomic classification in this study follows Häuser (2005) for Papilionidae, [@B85] for Acraeini, [@B52] for the Neotropical non-Acraeini Nymphalidae, and LepIndex ([@B3]) for the remaining Nymphalidae.

Terms related to sphragis-like structures used in this study {#SECID0E3ZAG}
------------------------------------------------------------

• *Protosphragis*: amorphous, non-species-specific version of the sphragis, often facultative in the groups where it is found, and potentially associated with groups in the early evolution of the sphragis.

• *Vestigial sphragis*: non-species specific version of the sphragis, irregular in occurrence, associated with groups believed to be in the process of losing the sphragis.

• *Hemi-sphragis*: semi-internal version of the sphragis, with a complex and regular internal arrangement of lacunae used to increase bulk as well as a regularly striated exposed outer face, associated with complex adaptations in male genitalia, thus equivalent to true sphragides in terms of complexity and regularity of form. Restricted to the troidine genus *Trogonoptera* and figured in [@B66].

Based on the traits recorded for each sphragis we developed a system of categorization based on level of complexity. Category 1 (low complexity): a protosphragis or a vestigial sphragis, characterized by being small, amorphous and of facultative occurrence. Category 2 (moderate complexity): a hemi-sphragis, or a well-formed externalized sphragis lacking male scales and essentially solid, of small to medium size. Category 3 (medium complexity): a well formed sphragis incorporating male scales but solid and of simple form, mostly small to medium in size. Category 4 (high complexity): large to very large sphragides, hollow and/or with specialized projections, girdles, or other complex sculpturing, further defined based on absence (Category 4a) or presence (Category 4b) of scales.

Results and discussion {#SECID0EV5AG}
======================

A total of 273 butterflies species in two families -- Papilionidae (72 species, 13 genera) and Nymphalidae (201 species, 9 genera) -- were recorded as having a sphragis, protosphragis, vestigial sphragis, or hemi-sphragis (Suppl. material [1](#S1){ref-type="supplementary-material"}) (Figures [1](#F1){ref-type="fig"}--[33](#F5){ref-type="fig"}). These numbers represent 13% of Papilionidae, 3% of Nymphalidae, and 1% of all butterflies ([@B43], Häuser et al. 2005). The 22 sphragis-bearing genera were distributed in 8 tribes within the two families. A well-formed sphragis occurrs in almost all species of *Parnassius*, where it is probably plesiomorphic, and was widespread in *Acraea* (ca 64% of species in the genus). On the other hand, in *Heteronympha* (Figure [13](#F3){ref-type="fig"}), it occurs in just one out of eight species. The presence of a sphragis in the Ithomiini *Pteronymia* remained undetected until recently (De-Silva et al. *in press*), probably due its small size when compared to other groups, which is consistent with the slim build and small size of butterflies in this genus.

A protosphragis was present in 11 species, vestigial sphragides occurred in 14 species, while a hemi-sphragis is found only in the two known species of the Troidini genus *Trogonoptera* (Suppl. material [1](#S1){ref-type="supplementary-material"}). A girdle was present, at least facultatively, in 23 species and was widespread in some *Parnassius* species-groups, such as in *delphius* (Figure [3](#F1){ref-type="fig"}) and *acco* groups.

For the species where a sphragis occurs (Suppl. material [1](#S1){ref-type="supplementary-material"}), Category 3 (99 species) and Category 4 (98 species) were most common, together being found in 197 species (72%), whereas Category 1 was least represented, with 25 species (9%) (Table [2](#T2){ref-type="table"}). We could not define a category for 16 sphragis-bearing species due to lack of data, which in most cases was due to the small number of specimens available, preventing a confident determination on the complexity of the sphragis. Although most species fit well within our categories, intermediates occurred. Examples include *Allancastria* spp. (Papilionidae: Parnassiinae), in which the sphragis might best be characterized as falling between Categories 2 and 3, as well as *Amauris niavius* (Linnaeus, 1758) (Nymphalidae: Danainae) (Figure [12](#F3){ref-type="fig"}) and *Losaria palu* (Martin, 1912) (Papilionidae: Papilioninae), which could be considered to fall between Categories 1 and 2. We listed these species in Suppl. material [1](#S1){ref-type="supplementary-material"} based on which category their sphragis best fits. The fact that complex sphragides are more common across butterfly groups might indicate that male adaptations to produce them are subject to strong selection.

![Sphragis of butterfly species **a** ventral **b** lateral, category of the sphragis in parenthesis. **1** *Parnassius autocrator* (4) **2** *P. charltonius* (4) **3** *P. delphius* (4) **4** *P. imperator* (4) **5** *P. mnemosyne* (4) **6** *P. phoebus* (4) **7** *P. tenedius* (4) **8** *Luehdorfia chinensis* (3). Scale bar = 1 mm.](zookeys-694-041-g001){#F1}

![Sphragis of butterfly species, **a** ventral **b** lateral, category of the sphragis in parenthesis. **9** *L. puziloi* (4) **10** *Cressida cressida* (4) **11** *Euryades duponchelii* (4). Scale bar = 1 mm.](zookeys-694-041-g002){#F2}

![Sphragis of butterfly species, **a** ventral **b** lateral, category of the sphragis in parenthesis. **12** *Amauris niavius* (1) **13** *H. penelope* (4). Scale bar = 1 mm.](zookeys-694-041-g003){#F3}

###### 

Number of species per sphragis category.

  ----------------------- ------------ ------------ ------------ ------------ -----------
                          Category 1   Category 2   Category 3   Category 4   Uncertain
  Number of species       25           35           99           98           16
  Percentage of species   9%           13%          36%          36%          6%
  ----------------------- ------------ ------------ ------------ ------------ -----------

Variation in the morphology and color of the sphragis {#SECID0E1SBG}
-----------------------------------------------------

Four categories of sphragis (including two subcategories) were recognized in terms of structural complexity (Suppl. material [1](#S1){ref-type="supplementary-material"} and Table [2](#T2){ref-type="table"}). As an external, large, and morphologically complex sphragis, there is great variation in size, color and shape (Figures [1](#F1){ref-type="fig"}--[33](#F5){ref-type="fig"}). For example, the sphragis in species of the *P. mnemosyne* species-group is an enormous, hollow, thin-walled tubular structure, nearly as large as the female abdomen (Figure [5](#F1){ref-type="fig"}). Our characterizations show that while sphragides are frequently solid, hollowness is relatively common (27%) (Table [3](#T3){ref-type="table"}). This could be a strategy to maximize the bulk of the sphragis without increasing mass ([@B65]), thus optimizing its effectiveness while reducing the material cost to the male in its production, as well as reducing the load carried by the female. Such forms are associated with major adaptations in the male genitalia ([@B66]). The sphragis of most *Parnassius* species is generally hollow and those of the *P. mnemosyne* group (Figure [5](#F1){ref-type="fig"}) include the largest sphragides so far measured (in terms of total mass). Based on available data, the sphragis of *P. glacialis* Butler, 1866 represents approximately 20.5% of male dry weight ([@B65]) (Table [1](#T1){ref-type="table"}). Those of *P. imperator* Oberthür, 1883 (Figure [4](#F1){ref-type="fig"}), *P. charltonius* Gray, (1853) (Figure [2](#F1){ref-type="fig"}) and *P. acco* Gray, (1853) may be even heavier in relative terms ([@B65]).

![Sphragis of butterfly species, **a** ventral, **b** lateral, category of the sphragis in parenthesis. **14** *Acraea kraka* (2) **15** *A. egina* (4) **16** *A. omrora* (4) **17** *A. nohara* (4) **18** *A. oncaea* (3) **19** *A. zetes* (4) **20** *A. endoscota* (4) **21** *A. quirina* (3) **22** *A. igati* (3) **23** *A. hamata* (2). Scale bar = 1 mm.](zookeys-694-041-g004){#F4}

###### 

Number of species displaying different sphragis parameters.

  --------------------------- ----------------
  Condition                   No. of species
  Scales                      
  Yes                         145
  No                          113
  Projections and/or girdle   
  Yes                         60
  No                          199
  Structure                   
  (Mostly) Hollow             73
  (Mostly) Solid              176
  --------------------------- ----------------

*Acraea* species exhibit great variation in the form and development of the sphragis. In some, such as *A. natalica* Boisduval, 1847, there is no sphragis or internal mating plug and females mate numerous times with males, which produce small spermatophores ([@B65]). The form of the female genitalia and the small size of the spermatophore suggests that this species evolved from sphragis-bearing ancestors. Similarly, the sphragis has probably been lost in *A. encedon* (Linnaeus, 1758) and its relatives ([@B79]), but in these species there is an internal plug. The sphragis has therefore apparently been lost independently at least twice in African *Acraea*; in other species the sphragis may be vestigial. In the Acraea subgenus Actinote, females typically bear a small to medium sized sphragis covered in male scales (Figure [32](#F5){ref-type="fig"}) ([@B78]). These sphragides tend to be relatively small compared to male mass (see *A. serena* (Fabricius, 1775) in Table [1](#T1){ref-type="table"}). Other *Acraea* species bear a medium to large, box-like hollow sphragis (Figure [20](#F4){ref-type="fig"}), produced in a similar manner to those of *Parnassius* ([@B65]). These seem to represent a larger investment by the male (see *A. anemosa* Hewitson, 1865 in Table [1](#T1){ref-type="table"}) and this is probably true of most hollow sphragides in *Acraea*. Small sphragides incorporating dense, long scales have also been described in *Allancastria* species (Matsumoto et al. *in prep*.) (Papilionidae: Parnassiinae). A medium-sized, scale-covered structure occurs in the *H. penelope*, which produces a largely hollow sphragis (in Figure [13](#F3){ref-type="fig"}, the sphragis is probably from the male's second mating) ([@B69]). Numerous scales are incorporated into the large twisted sphragis of *Luedorfia puziloi* (Erschoff, 1872) (Figure [9](#F2){ref-type="fig"}) and also in the medium-sized flat, shield-like sphragis of *Luehdorfia japonica* Leech, 1889 ([@B58]). Some medium sized sphragides are probably extremely effective in preventing remating. For example, the sphragis of *C. cressida* is solid with lateral projections, a dorsal keel, and an anterior horn ([@B68]), molded within a system of membranes in the male genitalia and enclosed by valves. It represents about 6.7% of male mass, but is very effective in preventing remating ([@B65]). The sphragis of some species, notably *Euryades corethrus* (Boisduval, 1836) and *E. duponchelii* (Lucas, 1836) have long projections (Figure [11](#F2){ref-type="fig"}). This type of sphragis, formed in deep sheaths within the male's body (Figure [34](#F6){ref-type="fig"}) ([@B61]), potentially make it difficult for subsequent males to grasp the body of mated females to remove the sphragis. In *E. corethrus*, the total mass of the structure is a moderate 8.6% of male body mass ([@B65]), suggesting efficient use of material. On the other hand, solid small-medium size sphragides lacking scales occur in many *Acraea* species. In these cases the sphragis is formed in a sclerotized mold associated with the male genitalia ([@B100], [@B65]). In *A. andromacha* the sphragis represents 3.1% of male body mass (Table [1](#T1){ref-type="table"}), but is not completely effective in preventing remating, with sphragis removal and limited polyandry having been reported ([@B33], [@B65]).

![Sphragis of butterfly species, **a** ventral **b** lateral, category of the sphragis in parenthesis. **24** *Acraea umbra* (4) **25** *A. quirinalis* (3) **26** *A. pharsalus* (2) **27** *A. serena* (3) **28** *A. althoffi* (3) **29** *A. orestia* (3) **30** *A. pentapolis* (3) **31** *A. issoria* (3) **32** *A. rhodope* (3) **33** *A. ozomene* (3). Scale bar = 1 mm.](zookeys-694-041-g005){#F5}

A girdle occurs in *E. corethrus* (but not in the related *E. duponchelii*) ([@B10]) and in several *Parnassius* species such as *P. autocrator* Avinov, 1913 (Figure [1](#F1){ref-type="fig"}), *P. delphius* (Eversmann, 1843) (Figure [3](#F1){ref-type="fig"}), and *P. imperator* (Figure [4](#F1){ref-type="fig"}). It occurs in *P. cephalus* Grum-Grshimailo, 1891, but not in its sister species *P. szechenyii* Frivaldszky, 1886, possibly because the final segment of the abdomen to which the sphragis is attached is unusually deep, making it impossible for the male to encircle the abdomen with his valves ([@B65]). Recent phylogenies of *Parnassius* ([@B60], [@B64]) suggest that the girdle has evolved independently at least three times within the genus. The girdle present in a few *Acraea* appears to be a facultative condition, possibly associated with a male's first mating. It loosely encircles the abdomen, but evidently does not grip it tightly above as in girdled papilionid species. The variation in color of the sphragis might reflect differences in the composition of the sphragidal material; this subject deserves further investigation. In the *P. apollo* group (*phoebus*, Figure [6](#F1){ref-type="fig"}), sister to the remainder of the genus, it is brown and slightly translucent whereas in other species it is whitish (often discolored) and opaque.

Almost all butterfly species in our list display structures that meet our definition of the sphragis, however, we recognized a few unusual intermediate forms. The large, semi-exposed plug of the troidine papilionid *Trogonotera* Rippon, 1890 has internal structure (ordered lacunae) and external, well defined striae, hence we classify it as a 'hemi-sphragis'. The male has a specialized pouch where the plug material is formed into a broad ribbon, which coalesces into a solid body with lacunae ([@B65], [@B66]). The small formation of the troidine papilionid *Parides proneus* (Hübner, 1831), recognized by [@B10] as a true sphragis, is regular in shape but is fixed to a bar over the female ostium (Table [1](#T1){ref-type="table"}) ([@B10]). This structure is comparable in size with the sphragis of many *Acraea* species. The hemi-sphragis of *Trogonoptera* and the small sphragis of *P. proneus* both have an intermediate plug/spermatophore ratio, with approximately 40% of male secretions being allocated to the sphragis, but the remainder being allocated to the spermatophore and spermatophylax, a granular secretion filling the appendix bursae ([@B65], [@B66]). This intermediate condition is unusual. Species that produce an internal plug typically allocate less than 30% of male accessory gland secretion to the plug, versus 70% to the spermatophore (n=50 species; x--=14.8; s=9) ([@B65], [@B66]). However, sphragis-bearing species allocate between 72% and 99% of accessory secretions to the sphragis, versus less than 30 percent to the spermatophore (n=34 species; x--= 84.1; s=16), resulting in a bimodal frequency distribution of material allocated to sperm guarding ([@B65], [@B66]).

Although the sphragis appears to be an effective structure to prevent remating, there are examples where the female might be able to mate again ([@B78], [@B33], [@B58], [@B65], [@B102]). For example, a second mating might occur soon after the first mating, while the sphragis of the first male is still relatively soft and can be moved or removed by the second male, or if the first sphragis was unusually frail. [@B102] reported a male of *A. epaea* (Cramer, 1779) on top of a female while she mated with another male, presumably so he too could mate with her. This however, might not guarantee success to the second male; [@B65] figured a female of *A. serena* bearing three sphragides congealed into a single mass that incorporated the spermatophores of the second and third males, and which could not possibly have fertilized the female due to the presence of the first sphragis blocking the copulatory opening. In general it is important to appreciate that the presence of a double sphragis, (termed a plethosphragis by [@B12]), does not imply that the second male was able to inseminate that female because as long as the original sphragis remains intact, the spermatophore of the second male remains outside the body of the female. Allowing time for the sphragis to harden could be the reason for protracted mating in *C. cressida*, in which the pair remains coupled for 17 hours or more ([@B65]).

![Example of male adaptations associated with sphragis production: **a** parasagittal section of *Euryades corethrus* male showing deep pockets where sphragis wings are molded and other features associated with sphragis production **b** The finished sphragis *in situ* on the female abdomen.](zookeys-694-041-g006){#F6}

There are cases known in *Parnassius* species where hardened sphragides have been lost by the female or were removed by subsequent males ([@B59], [@B109]), which would potentially allow additional matings. Moreover, [@B65] experimentally induced males of *C. cressida* to mate with caged mated females, and they eventually dissolved the attached sphragis of the first male. However, he noted that the energy and time spent removing the sphragis (around 30 hours) makes this an unlikely occurrence in nature if the sphragis is well formed and would potentially result in the death of one or both butterflies. This process is probably only used as an aid to remove frail sphragides deposited by depleted males ([@B68]).

The satyrine nymphalid *H. penelope* is the only species of its genus, and subfamily, bearing a true sphragis (Figure [13](#F3){ref-type="fig"}) ([@B70]). It does not correspond with all morphological and behavioral adaptations found in other sphragis-bearing butterflies. The external female genitalia are virtually unmodified from the condition found in other species of the genus, whereas all other sphragis-bearing species exhibit profound modifications in this structure, especially exhibiting externalization of the ostium ([@B69]). However, the highly modified male genitalia are efficient at plug removal. Males bear androconial patches on the wings and exhibit courtship behavior (characteristics often found in polygynous species ([@B87])), although they may facultatively practice aerial capture and forced copulation ([@B69]).

Towards an understanding of sphragis evolution {#SECID0EGJBI}
----------------------------------------------

The evolution of the sphragis was studied in detail by [@B65], [@B66], [@B68], [@B69]) and [@B58], [@B59]). Orr's studies utilized a comparative analysis of genital morphology, reproductive physiology, and behavior in a wide range of sphragis-bearing species. Non-sphragis bearing butterflies in Papilionidae, Pieridae and Nymphalidae were examined for outgroup comparison. Based on an analysis of convergent traits in unrelated lineages, Orr's hypothesis for sphragis evolution is as follows (Figure [35](#F7){ref-type="fig"}): (1) females of the ancestral, non-sphragis bearing butterfly species benefited from mating with more than one male, most likely due to enhanced material benefits, chiefly protein, gained from the spermatophore; (2) males produced small mating plugs to prevent female remating; (3) females evolved more externalized genitalia ([@B65], [@B66]) (Type 1 of [@B66]) that made small mating plugs attached to the spermatophore ineffective and easily removed by males, which simultaneously evolved better mechanisms for physically removing plugs; (4) externalizing the female genitalia made their genitalia more accessible, enabling males to copulate by force, a behavior almost universal in sphragis-bearing species, that increased the chance of female remating; (5) males also responded by producing larger and more complex plugs (sphragides) at the expense of spermatophore size, thereby (6) increasing the pressure on females to mate more than once as the nutritional contribution by males per mating diminished. This led to an escalated arms race where female genitalia became more and more externalized, making it more difficult to affix a sphragis, and more heavily armored to protect them from injury during mating attempts that involved the violent removal of a sphragis. Male genitalia became more specialized to produce sphragides that could not be removed, as they reduced their nutritional contribution via the spermatophore, at the same time increasing plug-removing abilities. The female bursa copulatrix became smaller accordingly, leading to the extreme case where it has completely atrophied in *C. cressida*. This is the 'male wins' scenario, which leads to obligate sphragis formation. Alternatively, males of some species were unable to produce an effective sphragis to counter female anti plugging strategies and so ceased to plug at all and mated as often as possible, a 'female wins' scenario. [@B65] suggested this is possibly occurring in certain danaines and also the hyper polyandrous *Acraea natalica*. Part of the reason for this runaway process and the instability of intermediate conditions may lie in the asymmetry of male and female adaptations ([@B65]).

Furthermore, [@B66] suggested that the sphragis evolved independently at least two times in the Papilionidae and two times in Nymphalidae, but recent phylogenetic studies ([@B9], [@B22], [@B98]) indicate that eight times across the two butterfly families may be a better minimum estimate for independent sphragis evolution at level 2 or higher (Figure [36](#F8){ref-type="fig"}). This is supported by qualitative differences in the sphragis between papilionids and some *Acraea* species, as well as highly specialized external female genitalia evolving non-homologous elements ([@B65], [@B66]) in the two families (Figure [37](#F9){ref-type="fig"}).

![Schematic of the possible process of evolution of the sphragis in butterflies. This assumes a selective landscape where females benefit materially from polyandry and males are continually improving plug-removing ability.](zookeys-694-041-g007){#F7}

When we include Category 1 in our analysis, the sphragis appears to have arisen in at least six subfamilies in butterflies (Figure [36](#F8){ref-type="fig"}) and deeper analysis within subfamilies would potentially double this number. Within each of these groups, some species appear to have lost the sphragis completely. For instance, the *Parnassius simo* group is the only species group in *Parnassius* that lacks a sphragis. All species of *Zerynthia* (Papilionidae: Parnassiinae) appear to be in the process of losing the sphragis with vestiges found in some individuals (Matsumoto et al. in prep). Among the 287 described ([@B86]) *Acraea* species, at least 183 have a sphragis or a sphragis-like structure although it is unclear whether the sphragis is plesiomorphic for the genus ([@B78]). Within *Acraea*, the *A. encedon* species-group (subgenus Actinote) and *A. natalica* (subgenus Acraea), are two of several candidates that have apparently lost the sphragis. Phylogenetic analyses of sphragis-bearing taxa, and their close relatives lacking a sphragis, may reveal whether particular cases are plesiomorphic or derived.

The two most complex forms of the sphragis (Categories 3 and 4) are found in five out of six subfamilies where the sphragis is found (Figure [36](#F8){ref-type="fig"}). It could be an indication of strong convergent evolution and positive selection force for the development of complex sphragis structure along butterflies.

![The occurrence of the sphragis in butterfly subfamilies. Dark circles indicate that some species in the clade bear sphragides or a version of it. Numbers inside the dark circles indicate estimation of minimum number of sphragis evolution events. Numbers under butterfly images indicate sphragis category of that species. Tree adapted from the phylogeny of Heikkila et al. (2011).](zookeys-694-041-g008){#F8}

In a final twist of the hypothesized evolutionary process, it is possible that in some circumstances the sphragis has become secondarily advantageous to females. Females of *L. japonica* usually mate only once, early in their life ([@B58]); the same occurs in *E. corethrus* (Nicolás Mega pers. com.) and *C. cressida* ([@B71], [@B68]). *Cressida* females derive no amino acid nutrients from the miniscule spermatophore ([@B65]). In these cases, we can wonder if there is any aspect of female choice in these species and how the sphragis has helped this condition. Could females be "losing" in the arms race resulting from the intersexual conflict caused by the sphragis? Can it affect the genetic diversity of the species, considering that females cannot choose the most fit male? Bearing in mind that virgin females do escape copulation attempts ([@B68]), is there any feature of forced copulation that allows females to evaluate male sperm quality? These questions should be addressed to fully understand the effect of the sphragis on butterfly sexual dynamics. For some groups, the presence of the sphragis might be advantageous to females, especially if they receive enough sperm in one copulation and there is no transfer of nutritional substances from the male ([@B65]). In the case where males visually detect mated females, the sphragis might prevent a male's mating attempts, which are known to interfere with oviposition and can also cause physical damage to the female ([@B104], [@B68]).

It is known that in Papilionidae extremely complex female genitalia occur widely, as well as the numerous externalized forms normally associated with bearing a sphragis ([@B61], [@B65]). Complex female genitalia also occur to a lesser extent in Nymphalidae ([@B65]), but not in the Hedylidae, Hesperiidae, Riodinidae, or Lycaenidae. Pieridae, as well as the papilionid genus *Battus* Scopoli, 1777, have pilose lobes flanking the ostium ([@B61], [@B65]), which, at least in pierids, appear to be associated with the reception of antiaphrodisiacs from the male (Andersson et al. 2000, 2003, Schulz et al. 2008, Malouines 2016). These may largely obviate the need for mating plugs. A similar phenomenon occurs in *Heliconius* ([@B36]). Data on the incidence of internal mating plugs and mating frequency in butterflies and moths are still too fragmentary for detailed analysis, but available evidence suggests that mating plugs are most common in groups with complex female genitalia. We expect that sphragis formation could only evolve in groups preadapted by having the capacity to produce a large internal mating plug. In general, the positive feedback process (Figure [35](#F7){ref-type="fig"}) leading to sphragis formation requires female genitalia to become externalized. However, complex genitalia present other possibilities. For example, it has been suggested that some female genital structures may help grip the mating plug ([@B65]), allowing the male to make a large investment in a nutritious spermatophore, with confidence that a smaller plug would suffice to protect his paternity. If such processes are occurring, it is perhaps not surprising that the sphragis occurs relatively rarely, given that sexual conflict may be resolved in other ways. This is especially likely considering that the sphragis may come at a cost to the species in terms of reduced female fecundity and the disadvantages accruing from the encumbrance of the sphragis itself and attacks from rapacious males. It is possible however that by studying this phenomenon, we may better understand the intersexual dynamics of mating systems in butterflies generally.

Many questions still remain unanswered, especially regarding the processes involved in the evolution of the sphragis. Additionally, more studies are necessary to investigate how the presence of the sphragis may be related to factors such as ecology, especially habitat type and hostplant dispersion, reproductive behavior, and sperm dynamics, however, these topics go beyond the scope of the present study.

![Ventral and parasagittal views of the female genitalia and lateral abdomen with sphragis for *Luehdorfia puziloi* (**a, b, c** respectively), and *Acraea horta* (**d, e, f** respectively), showing convergence in externalization of female genitalia, reduction in the size of the bursa copulatrix, and how the genitalia is covered by the sphragis. BC, bursa copulatrix, DB, ductus bursae; DS, ductus seminalis; OB, ostium bursa.](zookeys-694-041-g009){#F9}

Conclusions {#SECID0EQFCI}
===========

This is the first near complete survey of variation and morphological complexity of the sphragis in butterflies to date. This study provides the most comprehensive review on the sphragis, besides suggesting a method of categorization of the structure.

The main outcomes are as follows:

1\. A true sphragis was found in 232 species of butterflies from the families Papilionidae and Nymphalidae.

2\. The sphragis and related structures can be categorized into roughly four structural types: low complexity (amorphous and facultative), moderate complexity, medium complexity, and high complexity.

3\. The sphragis and related structures is found in the Papilionidae subfamilies Parnassiinae and Papilioninae, as well as in the Nymphalidae subfamilies Danainae, Heliconiinae, Apaturinae, and Satyrinae.

4\. Based on previously published evidence, the sphragis functions primarily to prevent remating by a secondary male.
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Table S1. Sphragis-bearing butterfly species and morphological characteristics of their sphragides

Data type: Microsoft Excel document

Explanation note: G: girdle, VS: vestigial sphragis, PS: protosphragis, HS: hemi-sphragis, \*: species is figured in the plates.

This dataset is made available under the Open Database License (http://opendatacommons.org/licenses/odbl/1.0/). The Open Database License (ODbL) is a license agreement intended to allow users to freely share, modify, and use this Dataset while maintaining this same freedom for others, provided that the original source and author(s) are credited.
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